Polyomavirus JC (JCV) infects oligodendrocytes and astrocytes in the brain and is the cause of the demyelinating disease progressive multifocal leukoencephalopathy (PML). In cell culture, JCV infection is characterized by severe damage to cellular DNA, which begins early in infection, and a viral cytopathic effect, which is observed late in infection. Nevertheless, these JCV-infected cells show a low level of apoptosis, at both the early and late stages of infection. This suggests that there is conflicting interplay between viral anti-apoptotic pathways that seek to optimize virus production, e.g. through T antigen (T-Ag)-p53 interaction, and cellular pro-apoptotic pathways that seek to eliminate virally infected cells. The apoptosis regulatory protein BAG3 is a member of the human Bcl-2-associated athanogene (BAG) family of proteins, which function as molecular co-chaperones through their interaction with Hsc70/Hsp70 and function in the regulation of the cellular stress response, proliferation and apoptosis. This study showed that BAG3 protein is downregulated upon JCV infection and that this effect is mediated by JCV T-Ag via repression of the BAG3 promoter. The site of action of T-Ag was mapped to an AP2 site in the BAG3 promoter, and gel shift and chromatin immunoprecipitation assays showed that T-Ag inhibited AP2 binding to this site, resulting in downregulation of BAG3 promoter expression. Using BAG3 and T-Ag expression and BAG3 siRNA, it was found that BAG3 and T-Ag had antagonistic effects on the induction of apoptosis, being anti-apoptotic and pro-apoptotic, respectively. The significance of these interactions to the JCV life cycle is discussed.
INTRODUCTION
The human polyomavirus JC (JCV) opportunistically infects the oligodendrocytes and astrocytes of the brain during development of the demyelinating disease progressive multifocal leukoencephalopathy (PML). The pathology of PML is thought to involve the destruction of oligodendrocytes, the myelin-producing cells of the brain, by lytic infection with JCV. In contrast, astrocytes do not undergo lytic infection but rather adopt a 'bizarre' morphology, yet are still productively infected as judged by the production of viral capsid protein observed by immunohistochemistry and virions observed by electron microscopy (Del Valle et al., 2008; Mázló et al., 2001) . PML occurs primarily in individuals with highly suppressed immune function, especially those with human immunodeficiency virus (HIV)/AIDS (Hou & Major, 2000; Khalili et al., 2006) . The JCV genome is a circular, supercoiled DNA, which is small in size (5130 bp) and has two coding regions (early and late) and a non-coding regulatory region (Frisque et al., 1984; Cole, 1996) . Infection with JCV is common in childhood after which the virus becomes latent. In circumstances of severe immunosuppression, e.g. HIV/AIDS, JCV can reactivate in the central nervus system (CNS) leading to the destruction of oligodendrocytes, which produce myelin, and to PML (Hou & Major, 2000; Khalili et al., 2006) .
We have developed a cell-culture system to study JCV infection using primary human fetal astrocytes, which support viral replication (Radhakrishnan et al., 2003 (Radhakrishnan et al., , 2004 . During the early phase of infection, JCV T antigen (T-Ag) is expressed and this protein can alter the activities of several cellular transcription factors that control cellular proliferation and apoptosis, including p53 (Krynska et al., 1997) , pRb (Krynska et al., 1997) and several others (reviewed by White & Khalili, 2004) . Infection of cells by JCV results in a high degree of cellular stress. Thus, in the late stage (14-16 days) of infection, severe cytopathic effect (CPE) is observed, as evidenced by the presence of numerous vacuoles in the cytoplasm, a watery appearance of the cytoplasm, breakdown of the organelles and cell detachment (Frisque & White, 1992) . However, we have found that these late-stage-infected cells exhibit only a low level of apoptosis (6 %) as measured by fluorescenceactivated cell sorting (FACS) analysis and Western blotting of lamin A/C cleavage (Darbinyan et al., 2007) . Similar results were obtained by Seth et al. (2004) who reported that human CNS progenitor-derived astrocyte cell cultures supported progressive JCV infection leading to CPE but not to apoptosis, as measured by capsase-3 labelling or a terminal deoxynucleotidyl transferase dUTP nick endlabeling (TUNEL) assay. To understand this phenomenon better, we have been interested in the changes in cellular pro-apoptotic and anti-apoptotic processes occurring during JCV infection. In addition to the well-known binding of p53 by T-Ag, which was first reported for simian virus 40 (SV40) (Lane & Crawford, 1979; Linzer & Levine, 1979) , we recently found that JCV infection induces expression of the anti-apoptotic protein survivin (Piña-Oviedo et al., 2007) . We now report that JCV infection modulates the apoptotic regulatory protein BAG3.
BAG3 is a member of the human BAG (Bcl-2-associated athanogene) family of molecular co-chaperone proteins (BAG1-BAG6; Doong et al., 2002; Rosati et al., 2007a) . These proteins share a common C-terminal BAG domain, which mediates interaction with the ATPase domain of Hsc70/Hsp70 (Brive et al., 2001) , and divergent N termini, the specific features of which confer the different properties and functions on each member (Kabbage & Dickman, 2008) . The BAG family is evolutionarily ancient, being found in animals, yeasts and plants (Kabbage & Dickman, 2008) . The first BAG family member (BAG1) was cloned based on its binding to the anti-apoptotic Bcl-2 protein (Takayama et al., 1995) . Likewise, BAG3 (also known as Bis and CAIR-1) was cloned by its ability to bind to Bcl-2 (Lee et al., 1999) .
BAG proteins participate in a wide variety of cellular processes including cell survival, cellular stress response, proliferation, migration and apoptosis (Doong et al., 2002; Kabbage & Dickman, 2008; Rosati et al., 2007a) . By interacting with the ATPase domain of Hsc70/Hsp70, BAG proteins modulate cellular responses under physiological and stress conditions. Some BAG proteins, including BAG3, have been demonstrated to inhibit Hsc70/Hsp70 chaperone activity in vitro (Takayama et al., 1999) . BAG3 also contains a PXXP proline-rich motif, also found in BAG6, which mediates the interaction of BAG3 with the SH3 domain of PLC-c (Doong et al., 2000) . BAG3 is unique among the BAG proteins in possessing a WW protein-protein interaction domain, the function of which remains unknown.
BAG3 is implicated in the pathogenesis of neoplasia via its ability to regulate stress-induced apoptosis in a prosurvival fashion. This regulation occurs at a number of levels including cytochrome c release, apoptosome assembly and others (Bonelli et al., 2004; Rosati et al., 2007a) . In addition, BAG3 binds PLC-c (Doong et al., 2000) and also binds and synergizes with Bcl-2 in preventing cell death (Lee et al., 1999) . Other cellular signalling molecules that have been reported to be regulated by BAG3 include Raf-1, CDK-4 and EGFR (Doong et al., 2003) and also focal adhesion kinase (Kassis et al., 2006) . Notably, BAG3 expression can be induced by stress-inducing agents such as high temperatures and heavy metals (Franceschelli et al., 2008; Pagliuca et al., 2003) and by HIV-1 infection (Rosati et al., 2007b) . In neuroblastoma cells, FGF-2 treatment activates BAG3 expression and this is mediated by two Egr-1 sites in the BAG3 promoter (Gentilella et al., 2008) . We recently reported that downregulation of BAG3 protein using an RNA interference approach sensitized primary microglial cells to caspase-3 activation following HIV-1 infection, suggesting a role for BAG3 in the balance of cell death versus survival during HIV-1 infection (Rosati et al., 2009) .
We now report that BAG3 expression is downregulated upon JCV infection through the action of JCV T-Ag on the expression of the BAG3 promoter.
METHODS
JCV infection of astrocytes. Primary cultures of human fetal astrocytes were prepared and infected with the chimeric Mad-1/SVED virus as described previously (Radhakrishnan et al., 2003 (Radhakrishnan et al., , 2004 at an m.o.i. of 1. Cells were freshly prepared and purified for each experiment. Cultures at 5, 9 and 15 days after infection were analysed as representing early, middle and late stages of infection, respectively, together with uninfected control cultures at the same time points.
Cell culture, transfection and plasmids. U-87 MG human glioblastoma cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10 % fetal bovine serum and transfected using a calcium phosphate precipitation method (Graham & van der Eb, 1973) , except for the chromatin immunoprecipitation (ChIP) experiments where FuGENE 6 (Roche) was used according to the manufacturer's instructions. Luciferase reporter plasmids containing the BAG3 promoter (full-length and some of the deletion mutants) have been described previously (Gentilella et al., 2008) . For the -85 to +306 BAG3 promoter deletion mutants, a luciferase reporter plasmid was constructed by PCR amplification of a KpnI-HindIII fragment and ligation with KpnI/HindIII-digested pGL3 Luciferase (Promega). The plasmid pcDNA3/zeo/JCVT expressing JCV T-Ag under the control of the human cytomegalovirus (CMV) promoter has been described previously (Lassak et al., 2002) . Expression plasmids for AP2a and AP2c were a kind gift from Dr Ronald J. Weigel, University of Iowa, USA (McPherson & Weigel, 1999) . A specific small interfering RNA (siRNA) targeting BAG3 mRNA (59-AAGGUU-CAGACCAUCUUGGAA-39) and a non-specific siRNA (59-CAGU-CGCGUUUGCGACUGG-39) were purchased from Dharmacon. The BAG3 siRNA was selected for high specificity and lack of off-target effect at the concentration used (Gentilella et al., 2008) . For transient transfection assays, U-87 MG cells plated in six-well plates were transfected with reporter construct alone (0.5 mg) or with expression plasmids (0.5 mg). Importantly, the total amount of DNA in all transfections was normalized with pCMV vector DNA to keep the amount of DNA constant. Cells were harvested after 48 h in reporter lysis buffer (Promega) and luciferase activity was determined with 5-10 mg protein using a dual-luciferase assay kit (Promega) as described previously (Amini et al., 2005) . The pRLTK plasmid was the internal control for transfection efficiency.
Immunocytochemistry of JCV-infected cells. Primary human fetal astrocytes were prepared and seeded on polylysine-coated glass chamber slides and left uninfected or infected with JCV (Mad-1/ SVED). At 5 and 15 days post-infection (p.i.), cells were fixed with 4 % paraformaldehyde and analysed by immunocytochemistry as described previously (Darbinyan et al., 2007; Radhakrishnan et al., 2003) .
Preparation of protein extracts and immunoblot analysis. For preparation of whole-cell extracts, transfected or treated cells were washed with cold PBS and solubilized in lysis buffer [50 mM Tris/HCl (pH 7.4), 150 mM NaCl, 0.1 % NP-40 and 1 % protease inhibitors cocktail (Sigma)]. Cell debris was removed by centrifugation for 5 min at 4 uC. Fifty micrograms of protein was eluted with Laemmli sample buffer, heated at 95 uC for 10 min and separated by 10 % SDS-PAGE. For Western blot analysis, protein samples or 50 ml conditioned medium were resolved by SDS-PAGE and transferred to nitrocellulose membranes as described previously . Proteins were visualized by using an enhanced chemiluminescence detection system, according to the manufacturer's instructions (ECL+; Amersham).
Antibodies. The antibodies against the following proteins were used: JCV T-Ag (Pab2; clone PAb416, Oncogene Research Products), atubulin (T6074; Sigma), Grb2 (610111; BD Biosciences), caspase-3 (Cell Signalling) and AP2a (Santa Cruz Biotechnology). We have previously described a rabbit polyclonal antibody against JCV agnoprotein and VP1 . Rabbit polyclonal antibody (TOS-2) for Western blotting and mouse monoclonal antibody (AC-1) for immunocytochemistry were used for BAG3 (both from Alexis Biochemicals).
Gel shift assay. Cells were transfected with and without JCV T-Ag expression plasmid for 48 h. Nuclear proteins were extracted and 10 mg was incubated with 50 000 c.p.m. of a 32 P-labelled doublestranded oligonucleotide probe as described previously (DarbinianSarkissian et al., 2006; Romagnoli et al., 2008) . Probes used in the gel shifts corresponded to the BAG3 promoter AP2-binding site (2146 to -125; 59-CGCGCCCGCCCGCGGCGACTCC-39) and Ets-binding site (2104 to -79; 59-TCGGAAGGGGGAGGGGCGGGAGGAGG-39).
ChIP assay. ChIP assays were carried out using a ChIP assay kit (Upstate Biotechnology), as described previously (DarbinianSarkissian et al., 2006; Gentilella et al., 2008) . Briefly, U-87 MG cells were transfected with and without T-Ag expression plasmid for 48 h. Cells were harvested and treated with 1 % formaldehyde to cross-link the chromatin. Cell lysates (from 10 6 cells) were sonicated on ice to break the chromatin DNA and treated with AP2 antibody (2 mg). PCR was performed using primers complementary to the BAG3 promoter region harbouring both the putative AP2-and Etsbinding sites. The primer sequences were 59-GACGGCCCCAGTCC-AGCTCG-39 (forward) and 59-CTGAGTCATCGGCTATAATCG-39 (reverse), and generated a 204 bp PCR product. DNA samples were analysed by electrophoresis on 1.2 % agarose gels, stained with ethidium bromide and transferred to Hybond-N nylon membranes (Amersham). The filter was pre-hybridized for 1 h at 42 uC with Ultrahyb (Ambion) and probed using 10 6 c.p.m. ml 21 of a terminally labelled oligonucleotide containing the Egr-1 binding site labelled with T4 polynucleotide kinase (Roche) and [c-
32 P]dATP. After hybridization for 20 h, the blot was rinsed twice with 26 SSC/ 0.1 % SDS at 42 uC and washed twice with 0.26 SSC/0.1 % SDS at 42 uC for 20 min.
Hydrogen peroxide (H 2 O 2 ) treatment. U-87 MG cells were transfected with BAG3, T-Ag and/or empty vector. Equal amounts of DNA were used in each transfection. Alternatively, cells were treated with BAG3 siRNA or non-specific siRNA as described above. After 4 days, cells were treated with 0.5 mM H 2 O 2 .
Measurement of caspase-3 activity. Caspase-3 activity was assayed using the substrate DEVD-aminoluciferin from a Caspase-Glo 3/7 assay kit (Promega) as described previously , using a Turner Designs Luminometer TD-20/20 (Promega).
Trypan blue exclusion viability assay. Trypan blue exclusion was performed as described previously to assess cell viability.
FACS analysis. Cells were harvested by trypsinization followed by the addition of complete medium. Cells were washed with PBS and fixed in ice-cold 70 % ethanol. After incubation for 24 h at 220 uC, cells were washed with PBS containing 1 % BSA, stained with 10 mg propidium iodide ml 21 in PBS containing 250 mg RNase A ml 21 and incubated at 37 uC for 30 min in the dark before analysis by FACS. Flow cytometry was performed with a Becton Dickinson FACScan flow cytometer. Data were analysed using the ModFitLT v2.0 (PMAC) software.
RESULTS

BAG3 protein level is downregulated during JCV infection
Primary human fetal astrocytes were infected with JCV and protein was extracted from these and uninfected controls at 5, 9 and 15 days p.i. Western blotting was performed for BAG3, JCV T-Ag, VP1, agnoprotein and caspase-3, using atubulin as a loading control. BAG3 was downregulated at all time points p.i. (Fig. 1a, lanes 1-4) . No change in the level of BAG3 was observed in uninfected control cultures collected at the same time points (Fig. 1a, lanes 5-7) . The levels of BAG3 during the time course of infection were quantified by densitometry (Fig. 1b) . BAG3 was downregulated approximately 2.5-fold at days 5 and 9 p.i. when T-Ag expression was detectable, and downregulation increased to 4-fold at 15 days p.i., when very high levels of T-Ag were observed. A small amount of cleaved caspase-3 was observed at 15 days p.i. consistent with our earlier observation of a low level of apoptosis (6 %) late in infection (Darbinyan et al., 2007) . Next, astrocytes were seeded into poly-L-lysine-treated glass chamber slides, infected with JCV or mock-infected, and fixed for immunocytochemistry at 5 and 15 days p.i. Fig. 1(c) shows the results of immunocytochemistry for BAG3, T-Ag and agnoprotein. Robust labelling of BAG3 was seen in the cytoplasm of uninfected cells at both time points. In the JCV-infected cells, expression of BAG3 was downregulated at 5 days p.i. and even more so at 15 days p.i. Most of the cells in the culture were positive for nuclear T-Ag and agnoprotein.
Ectopic expression of JCV T-Ag downregulates BAG3 expression
To determine whether the effect of JCV infection on BAG3 protein level was due to T-Ag, U-87 MG cells were transfected with various amounts of plasmid expressing JCV T-Ag and analysed by Western blotting (Fig. 2a) . Note that the total amount of DNA used for each transfection was kept constant by the addition of pCMV vector plasmid. Expression of T-Ag and BAG3 was quantified by 1-4) . Western blot analysis for BAG3 was performed to monitor cellular BAG3 levels. Western blot analyses for T-Ag, VP1 and agnoprotein (Agno) were performed to monitor viral infection, and atubulin was used as a loading control. BAG3 levels were also monitored in uninfected cultures at the same time points (lanes 5-7). Protein sizes are indicated in kDa. (b) The levels of BAG3 and a-tubulin in JCV-infected astrocytes were measured by densitometry of the Western blots in (a). After normalization to a-tubulin, the relative intensities of the BAG3 bands are shown at each time point relative to lane 1 (100 %). (c) In another experiment, immunocytochemistry of primary human fetal astrocytes was performed for BAG3 after infection with JCV or mock infection. Immunocytochemistry of T-Ag and agnoprotein was also performed. Magnification, ¾400. densitometry (Fig. 2b) . BAG3 was downregulated approximately threefold with 2 mg plasmid.
JCV T-Ag downregulates the BAG3 promoter
To determine whether the effect of JCV T-Ag levels occurred at the transcriptional level, U-87 MG cells were transfected with a reporter plasmid containing the BAG3 promoter driving expression of the firefly luciferase reporter gene together with various amounts of plasmid expressing JCV T-Ag (Fig. 3a) . Again, the total amount of DNA was constant for each transfection. The activity of the BAG3 promoter was downregulated approximately threefold with 2 mg plasmid. Next, we compared the effect of TAg on the activity of the BAG3 promoter with two control plasmids that were either sensitive (JCV late promoter) or insensitive (CMV promoter) to T-Ag regulation. As expected, the activity of the JCV late promoter was upregulated by T-Ag, whilst the CMV promoter was unaffected. Again, the activity of the BAG3 promoter was downregulated by T-Ag (Fig. 3b) . Defining the T-Ag-responsive element of the BAG3 promoter using promoter deletion mutants A series of deletion mutants was created in the BAG3 promoter. The transcriptional activity of these mutants in driving luciferase expression was examined in U-87 MG cells in the presence and absence of expression plasmid for JCV T-Ag (Fig. 4) . Mutants deleted up to nt -205 and -146 had 50 and 57 % relative activity with T-Ag present, respectively, i.e. they were inhibited about twofold by TAg. On the other hand, mutants deleted up to nt -85 and -26 had 110 and 114 % relative activity, respectively, i.e. they were largely unaffected by T-Ag. Thus, these mutants defined the region between nt -146 and 285 as being necessary for responsiveness to T-Ag.
Implication of the AP2 site in T-Ag regulation of the BAG3 promoter by gel shift and ChIP assays
The T-Ag-sensitive region, defined by the data in Fig. 4 , contains predicted binding sites for the transcription factors AP2 and Ets1. Next, we performed gel shift assays using double-stranded oligonucleotides corresponding to these sites with nuclear extracts from cells transfected with and without T-Ag. First, we performed gel shifts with an oligonucleotide (nt 2146 to 2125) corresponding to the AP2 site. A single distinct band was observed for untransfected cells (Fig. 5a , lane 2) and this band disappeared in the presence of T-Ag (Fig. 5a, lane 3) . The band was competed away by the addition of cold AP2 oligonucleotide (Fig. 5a , lanes 4 and 5) but not with nonspecific oligonucleotide (Fig. 5a, lanes 6 and 7) . The AP2 gel shift was also performed in the presence of antibody specific for AP2a and the band was found to be supershifted (Fig. 5a, lane 8) but not in the presence of normal mouse serum (Fig. 5a, lane 10) . These data indicated that JCV T-Ag prevents the binding of AP2 to its site in the BAG3 promoter.
With regard to the role of Ets, a gel shift assay with an oligonucleotide (nt 2104 to 279) corresponding to the Ets site showed a single band that was unaffected by T-Ag expression (Fig. 5b, compare lanes 2 and 3) , indicating that Ets is not involved in the effect of T-Ag on the BAG3 promoter. Western blot analysis of the nuclear extracts that were used in these gel shift experiments showed that T-Ag was expressed in the transfected cells and that BAG3 was downregulated as expected (Fig. 5c ). (Fig. 5d, lanes 4 and 5) . The amount of Ets bound to the BAG3 promoter was unaffected by TAg expression (Fig. 5d, compare lanes 8 and 9) . In contrast, the amount of AP2 bound to the BAG3 promoter was strongly reduced by T-Ag expression (Fig. 5d, compare  lanes 6 and 7) . This provided further evidence that T-Ag inhibits the BAG3 promoter through a reduction in AP2 binding to its site in the promoter. Fig. 4 . Deletion analysis of the BAG3 promoter. A series of deletion mutants was created in the human BAG3 promoter as shown. Reporter plasmids containing the full-length and mutant promoters driving the luciferase gene were transfected into U-87 MG cells in the presence or absence of plasmid expressing JCV T-Ag. After 48 h, the cells were harvested and assayed for luciferase activity. For each construct, the percentage activity is given as activity in the presence of T-Ag relative to its absence: 100 ¾ (activity in presence of T-Ag)/(activity in absence of T-Ag). Thus, the lower the percentage, the more sensitive the promoter construct to inhibition by T-Ag.
Ectopic expression of AP2 isoforms stimulates expression by the BAG3 promoter and reverses the inhibition caused by JCV T-Ag U-87 MG cells were transfected with reporter constructs containing the full-length BAG3 promoter (Fig. 6a) or a deletion mutant (nt 226 to +306) promoter (Fig. 6b) . Reporter plasmids were transfected alone or with expression plasmids for T-Ag, AP2a and/or AP2c. The total amount of DNA in each transfection was kept constant. TAg inhibited the full-length BAG3 promoter (Fig. 6a, lane 2) whereas both AP2a and AP2c stimulated transcription (Fig. 6a, lanes 3 and 4, respectively) . Both AP2a and AP2c also reversed T-Ag inhibition of the promoter (Fig. 6a , lanes 5 and 6, respectively). The deletion mutant promoter, which lacked the AP2 site, was unaffected by ectopic expression of T-Ag, AP2a and AP2c (Fig. 6b) . Expression of proteins was verified by Western blotting (Fig. 6c) .
Role of BAG3 and T-Ag in caspase-3 activation
BAG3 has been shown to participate in a number of cell functions, including a role in the inhibition of apoptosis (Doong et al., 2002; Kabbage & Dickman, 2008; Rosati et al., 2007a) . As changes in apoptosis regulation are a common feature of viral infection, we next investigated the regulation of apoptosis using H 2 O 2 as an inducer of apoptosis to unmask a role for BAG3 either by expressing it in the presence of T-Ag (Fig. 7) or by curtailing BAG3 expression by RNA interference (Fig. 8) . Caspase-3 is the executioner caspase of apoptosis and thus lies downstream of all apoptotic signalling pathways, i.e. cleavage and activation of caspase-3 is a useful marker for apoptosis. We investigated the effects of T-Ag and BAG3 on the induction of apoptosis by H 2 O 2 . U-87 MG cells were transfected with expression plasmids for BAG3 and/or T-Ag (the negative control was transfected with empty vector pCMV alone). After 4 days, cells were treated with or without H 2 O 2 for 2 h. As shown in Fig. 7(a) , expression of T-Ag and BAG3 was verified by Western blot with a-tubulin as a loading control (upper three panels). In agreement with Fig. 2 , endogenous BAG3 was downregulated by T-Ag expression (Fig. 7a, compare lanes 1 and 2) . In contrast, ectopic BAG3 was unaffected by T-Ag expression, as BAG3 was expressed from the CMV promoter, which would not be expected to respond to T-Ag (Fig. 7a, compare lanes 3 and 4) . . Gel shift analysis and ChIP assay of the effect of JCV T-Ag at the AP2 site and Ets site of the BAG3 promoter. (a) A gel shift assay was performed with a probe corresponding to the AP2 site of the BAG3 promoter (nt "146 to "125) using nuclear extracts from U-87 MG cells transfected (+) or not (") with JCV T-Ag. Unlabelled AP2 competitor DNA (Comp) or a nonspecific control DNA (NC) were added as indicated. To some gel shift reactions, a-AP2a antibody or normal mouse serum control (NMS) were added as indicated. The asterisk indicates probe alone without extract. The position of the free probe, AP2-DNA complex and the supershift are shown by a P, arrow and arrowhead, respectively. (b) A gel shift assay was performed with a probe corresponding to the Ets site of the BAG3 promoter (nt "104 to "79) using nuclear extracts from U-87 MG cells transfected (+) or not (") with JCV T-Ag. Unlabelled Ets competitor DNA (Comp) or a non-specific control DNA (NC) were added as indicated. The asterisk indicates probe alone without extract. The position of free probe and the Ets-DNA complex are indicated by a P and an arrow, respectively. (c) The nuclear extracts used in (a) and (b) were analysed by Western blotting as indicated. (d) A ChIP assay was performed on U-87 MG cells using antibody to AP2a (a-AP2a), Ets (a-Ets) and NMS as indicated.
In order to investigate caspase-3 activation, these proteins were also analysed by high-density 12 % PAGE, and caspase-3 cleavage was analysed by Western blotting with a-tubulin as a loading control (Fig. 7a, lower two panels) . No caspase-3 was observed in the absence of H 2 O 2 (Fig. 7a,  lanes 1-4) . In all lanes where H 2 O 2 was added, cleaved active caspase-3 (17/19 kDa) was clearly detectable (Fig. 7a,  lanes 5-8) , with a particularly strong band for the cells expressing T-Ag (Fig. 7a, lane 7) .
The activity of caspase-3 can also be measured using a proluminescent substrate specific for caspase-3/7. Similar results were obtained using this method. Activation of caspase-3 was evident in all cultures treated with H 2 O 2 (Fig. 7b, compare lanes 6-10 with lanes 1-5) . The strongest activation was seen in H 2 O 2 -treated cells expressing T-Ag (Fig. 7b, lane 8, threefold increase) . Empty vector had no effect on caspase-3 activation (Fig. 7b, compare lanes 6 and  7) , whilst BAG3 cells showed significantly less apoptosis (Fig. 7b, compare lanes 6 and 9) . Co-expression of T-Ag reversed the BAG3-mediated reduction in caspase-3 observed in H 2 O 2 -treated cells expressing BAG3 (Fig. 7b , compare lanes 9 and 10). The data shown in Fig. 7(b) were obtained using cells that were treated with H 2 O 2 at 4 days post-transfection. The same results were obtained in cultures that were treated at 2, 3, 5 and 6 days posttransfection (data not shown). Thus, in H 2 O 2 -treated cells, BAG3 has an anti-apoptotic effect whereas T-Ag sensitizes cells to apoptosis upon stress induction.
Downregulation of BAG3 by RNA interference has a pro-apoptotic effect on H 2 O 2 -treated cells U-87 MG cells were treated with and without siRNA for BAG3 or non-targeting siRNA. Cells were then treated with or without H 2 O 2 . As shown in Fig. 8(a, b) , the BAG3 protein level in cells treated with BAG3 siRNA was approximately three-to fourfold lower than in untreated cells (Fig. 8a, b , compare lanes 3 and 6 with lane 1), whilst non-targeting siRNA had little effect (Fig. 8a, b , lanes 2 and 5). BAG3 siRNA also reduced cell number (Fig. 8c, lanes 3  and 6) . Caspase-3 activity was again induced in H 2 O 2 -treated cells (Fig. 8d, lanes 4-6) with the strongest induction in cells that received BAG3 siRNA (Fig. 8d, lane  6) . A similar pattern was seen when the extent of apoptosis was measured by FACS analysis (Fig. 8e) . Thus, BAG3 siRNA sensitizes H 2 O 2 -treated cells to apoptosis.
DISCUSSION
One of the functions of apoptosis is to eliminate cells that have become damaged or infected with viruses. Control of apoptosis is a complex multi-level signalling network containing both pro-apoptotic and anti-apoptotic signal transduction pathways (White & McCubrey, 2001) , and viruses have evolved many different strategies to subvert these processes. In the case of JCV, infection leads to rapid and severe damage to the cellular DNA (Darbinyan et al., 2007) and to profound CPE that is observed at later stages of infection. Nevertheless, only a small percentage of cells in the late stage of infection undergo apoptosis, as judged by FACS analysis and the occurrence of lamin A and C cleavage (Darbinyan et al., 2007) . Similar results were reported by Seth et al. (2004) using caspase-3 labelling and a TUNEL assay to measure apoptosis. Clearly, there is a conflicting interaction between the virus and the host with respect to the induction of apoptosis. One example of this is the rapid induction of the potent anti-apoptotic protein survivin upon JCV infection, which has been shown to have a role in protecting JCV-infected cells from apoptosis (Piña-Oviedo et al., 2007) . Another important regulator of apoptosis is BAG3, which is a member of the BAG family of proteins that participates in a wide variety of cellular processes, including cell survival, the cellular stress response, proliferation and apoptosis (Doong et al., 2002; Kabbage & Dickman, 2008; Rosati et al., 2007a) . BAG3 interacts with the ATPase domain of Hsc70/Hsp70, inhibits Hsc70/Hsp70 chaperone activity in vitro (Takayama et al., 1999) and thus modulates the cellular responses to stress conditions. Here, we found that JCV infection resulted in downregulation of the level of BAG3 protein, which was mediated, at least in part, by inhibition of the BAG3 promoter by T-Ag. The involvement of other JCV proteins, such as agnoprotein, is unknown. T-Ag downregulated the BAG3 promoter by inhibiting the binding of the AP2 transcription factor to its site within the BAG3 promoter as judged by gel shift and ChIP assays. Furthermore, the ectopic expression of either AP2a or AP2c reversed T-Agmediated BAG3 promoter inhibition.
This type of mechanism involving inhibition mediated through AP2 is not without precedent. Mitchell et al. (1987) reported that the T-Ag of SV40, which is closely related to JCV, inhibited sequence-specific binding of AP2 to the SV40 and human metallothionein promoters. Furthermore, they reported that SV40 T-Ag inhibited AP2-dependent transcriptional activation of the human metallothionein promoter, which did not involve binding of T-Ag to the human metallothionein promoter DNA but rather resulted from the sequestration of AP2 from its binding site due to protein-protein interaction with SV40 T-Ag (Mitchell et al., 1987) . Such a mechanism is also consistent with our data for JCV T-Ag, as shown in Fig. 5 , where T-Ag eradicated the binding of AP2 to its cognate DNA site as detected by gel shift and ChIP assays. In another study, the adenovirus E1A protein was shown to repress the type IV collagenase promoter by targeting AP2, and protein-protein interaction of E1A and AP2 was demonstrated by glutathione S-transferase affinity chromatography (Somasundaram et al., 1996) .
Interplay between T-Ag and BAG3 in the control of apoptosis was revealed using H 2 O 2 as an apoptotic inducer and caspase-3 cleavage as a marker for apoptosis (Fig. 7) . Whilst T-Ag was pro-apoptotic, BAG3 was anti-apoptotic. Furthermore, curtailing BAG3 expression by RNA interference was pro-apoptotic (Fig. 8 ). It will also be of interest to investigate whether BAG3 can have an effect on JCV transcription, as it has been reported that BAG1 can stimulate JCV early and late transcription through JCV NF-1 sites (Devireddy et al., 2000) .
What is the significance of the repression of BAG3 during JCV infection? As described in the Introduction, many other studies have ascribed an anti-apoptotic role to BAG3. This is supported by our data, as described above. Thus, it is possible that downregulation of BAG3 by JCV infection represents a cellular defensive response to viral infection in order to promote apoptosis. A similar phenomenon has been described by Verma et al. (2006) , where JCV was found to induce genes involved in the interferon-mediated host defence response. These included signal transducer and activator of transcription-1, interferon stimulating gene-56, myxovirus resistance-1 and 29-59-oligoadenylate synthetase (Verma et al., 2006) . Thus, JCV infection involves not only gene expression changes that are favourable to the virus, such as survivin induction (Piña-Oviedo et al., 2007) , but also changes that reflect a host cellular antiviral response, such as the interferon-mediated host defence response reported by Verma et al. (2006) and downregulation of the anti-apoptotic protein BAG3 reported here. Indeed, such antiviral responses may control JCV replication in immunocompetent hosts and restrain the development of PML.
What is the mechanism of action of BAG3 on the host apoptotic machinery in the context of JCV infection? BAG3 is known to interact via its C-terminal BAG domain with the ATPase domain of Hsp70, and BAG3 inhibits the chaperone activity of Hsp70 in vitro (Takayama et al., 1999) . Interestingly, T-Ag also interacts with Hsp70 (Sawai & Butel, 1989) and is involved in a molecular chaperone function via the N-terminal J-domain of T-Ag (DeCaprio, 1999) . Indeed, the J-domain of JCV T-Ag can reconstitute the molecular chaperone function of DnaJ in Escherichia coli (Kelley & Georgopoulos, 1997) . The molecular details of the chaperone function of T-Ag in human cells and how it may be affected by BAG proteins are unknown. We plan to investigate further the interplay among JCV T-Ag, BAG3 and Hsp70, how this is involved in the viral life cycle of JCV and how this axis may be manipulated therapeutically for treatment of PML. 
